ABSTRACT In order to reduce the speed fluctuation of bearingless permanent magnet synchronous motors (BPMSMs) and considering the effect of suspension force load on the suspension performance, a novel speed control method of the BPMSM based on flux strengthening and voltage regulation is presented in this paper. First, the structure of the BPMSM and the principle of suspension force generation are introduced. Second, based on the mathematical models of the BPMSM, the principles of the flux strengthening and voltage regulation control are analyzed. Besides, the effect of the flux strengthening control method on the suspension performance is illustrated. Third, the control system of the BPMSM is designed on the foundation of the proposed control method, and the cooperation strategy of the flux strengthening and voltage regulation control is proposed to improve the speed performance. Finally, the experimental results on the BPMSM prototype confirm that the proposed control strategy can reduce the speed fluctuation and improve the suspension performance of the BPMSM effectively.
I. INTRODUCTION
A bearingless permanent magnet synchronous motor (BPMSM) is a new type of motor which integrates the features of magnetic bearings into the traditional permanent magnet synchronous motor (PMSM). It not only inherits the characteristics of high power, small size and high efficiency of the traditional PMSM, but also possesses the advantages of no friction, no lubrication and long cycle life of the magnetic bearing. Due to these advantages of the BPMSM, it has the potential application prospect in many fields, such as chemical industry, life science, aerospace, etc. [1] , [2] . However, the speed fluctuation of the BPMSM adopting the traditional i d = 0 control method is large. The torque winding current is low because the BPMSM is excited by permanent magnets [3] , causing the proportion of current fluctuation in torque winding current rises so that the speed fluctuation is increased. Moreover, due to the cogging torque and dead time effect of the inverters, the torque winding current fluctuation is large [4] - [6] . The current fluctuation results in torque fluctuation which makes the stability of speed poor. Besides, in virtue of the inferior current tracking performance, the stability of speed becomes poorer when the BPMSM operates without load or with light load, which is difficult to be applied in high speed and high precision occasions [7] .
The cogging effect on the torque can be weakened by optimizing the structure of the motor [8] - [12] . In [13] , a novel finite-control set model predictive control scheme is presented to reduce torque ripple, which is on the basis of minimizing a cost function by a discrete model of the PMSM. Moreover, cogging torque is estimated and weakened by a hybrid method. In [14] , torque ripple is compensated by online estimation of unbalanced stator resistances, which adopts recursive least squares method. In [15] , a closedloop fuzzy-logic-based control strategy is presented, and the speed harmonic is used as the feedback signal because the orders of the speed harmonic are equal with those of torque and the magnitudes of them are proportional. For the dead time effect of inverters, the conventional compensation scheme is presented to detect the polarity of the current for realizing the compensation of the distortion voltage. Inevitably, hardware interferences and detection errors are introduced, which can influence the effect of dead time compensation. In [16] , a revised repetitive controller is designed to reduce the current harmonics and distortion with no need of precise current polarity detection, which has good robustness. In [17] , an adaptive dead-time compensation scheme is proposed. The magnitude of dead-time compensation voltage is regulated according to identified dead-time compensation time. In [18] , a vectorial disturbance estimator is designed to compensate the dead time which can estimate the disturbance voltages caused by dead time, and the estimated voltages are used to be the feedforward signals of the current control loop. In [19] , an iternative learning control (ILC) on the basis of a sliding mode control (SMC) is proposed. ILC is adopted to reduce the torque ripples and SMC is employed to guarantee fast response and strong robustness. In [20] , two iterative learning control methods applied to a flexible micro aerial vehicle are proposed to suppress the bent and torsional vibration, decrease the distributed disturbances and adjust the displacement of the rigid body. In [21] , a neural network controller is designed to approximate the nonlinear model, which is used in the nonlinear systems with unknown input dead time because it can compensate the estimated dead time effect to eliminate the influence of the input dead time. In [22] , the mean value theorem and the continuous differentiable model based on the Gauss error function are adopted to describe the unknown asymmetric saturation actuator and obtain an affine model with linear control input, solving the dead time problem in nonlinear systems.
In order to reduce the speed fluctuation and improve the suspension performance of the BPMSM, a new speed control strategy on the basis of flux strengthening and voltage regulation is presented in the paper. This method can suppress the speed fluctuation without the accurate detection of current signal, which avoids the hardware interference and systematic error. By analyzing the mathematical models of the BPMSM, it is concluded that the coarse control of speed can be realized by controlling the input voltage amplitude of torque windings and the fine control of speed can be realized by controlling the component i Md of torque winding current in the d-q coordinate, which makes the speed control of the BPMSM faster, more accurate and stable. Moreover, the effect of suspension force load on suspension stability of the BPMSM is weakened under the flux strengthening control. It is considerably significant to apply the proposed control method in the BPMSM. In the paper, the structure of the BPMSM and the principle of suspension forces generation are introduced in Section II. By constructing mathematical models of the BPMSM, the speed control method on the basis of flux strengthening and voltage regulation is analyzed in Section III. After that, the control system of the BPMSM based on the proposed control method is designed in Section IV. Furthermore, the experiments are conducted to confirm the validity of the proposed strategy in Section V.
II. STRUCTURE AND PRINCIPLE OF THE BPMSM
The stator structure with winding configuration of the BPMSM is shown in Fig. 1 The principle of suspension forces generation in the BPMSM is shown in Fig. 2 . For simplifying the analysis, the principle is described in the form of two-phase windings, which uses CLARK transformation to transform three-phase windings into two-phase windings. N Md , N Mq are the equivalent two-phase torque windings and N Bd , N Bq are the equivalent two-phase suspension force windings. When the BPMSM runs with no load and N Bd , N Bq are not excited, the 2-pole flux linkage ψ Md generated by permanent magnets and torque windings is distributed evenly and symmetrically in air gap as shown in Fig. 2(a) , and the Maxwell force resultant force exerted on the surface of rotor is zero. When N Bd are excited as depicted in Fig. 2(a) , the 4-pole flux linkage ψ Bd generated by suspension force windings and ψ Md are superposed. It is observed that the superposed flux in the air gap 1 is strengthened and the superposed flux in the air gap 3 is weakened. On the basis of Maxwell Stress tensor method, the suspension force F is produced in the positive direction of x-axis. Likewise, the suspension force in the positive direction of y-axis can be also produced as shown in Fig. 2(b) . As a result, the magnitude and orientation of suspension forces can be adjusted by controlling suspension force winding current to make the rotor steadily suspended.
III. SPEED CONTROL BASED ON FLUX STRENGTHENING AND VOLTAGE REGULATION A. MATHEMATICAL MODELS OF THE BPMSM
Assuming that the rotor is in the center, the equations of voltages, flux linkages and torque of the BPMSM torque windings are the same with the traditional PMSM, and they VOLUME 6, 2018 can be given as following respectively [23] 
where
q components of torque winding voltages, flux linkages, currents and self-inductances, separately, ω is the mechanical angular speed of the motor, R 1 is the resistance of torque windings, ψ PM is the flux linkage of permanent magnets, T em is the electromagnetic torque, P M is the pole-pair number of torque windings and P M = 1 in this paper. L Md and L Mq of the surface-mounted BPMSM are equal. Thus, when the motor runs in stable condition, substituting (2) into (1), formulas (1) and (3) can be rewritten as
The suspension forces of the BPMSM can be expressed as [24] 
where k M and k L are the Maxwell force and Lorentz force constants, separately, N M , N B , k WM , k WB are the turn numbers and winding coefficients of torque and suspension force windings, separately, F x and F y are x, y components of suspension forces, separately, i Bd and i Bq are d, q components of suspension force winding currents, separately, L mB is the mutual inductance of suspension force windings, l is rotor length, r is rotor radius, P B is the pole-pair number of suspension force windings and P B = 2 in this paper.
B. PRINCIPLE OF FLUX STRENGTHENING AND VOLTAGE REGULATION
The flux strengthening and voltage regulation control method is analyzed on the basis of the mathematical model of the BPMSM. From (4), it can be seen that i Mq is constant when the motor operates with constant load. Since R 1 is very small, R 1 can be ignored and the input voltage amplitude u 1 of torque windings is expressed as
It can be derived from (7) that the speed n(= 30 ω/π ) of the motor is proportional to u 1 when i Md and i Mq remain unchanged. In addition, if u 1 keeps unchanged, when i Md is greater than zero and gradually increases, n will gradually decrease; when i Md is less than zero and its absolute value increases, n will increase as well. However, because ψ PM is much larger than L Md i Md , the effect of u 1 on the n is stronger than i Md .
When i Md > 0, the flux linkage in the d-direction is enhanced, and the flux linkage in the q-direction is weakened relative to the flux linkage in the d-direction, which is equivalent to the reduction in load effect on the suspension performance [25] . The detailed analysis about it is illustrated in the following section. Thus, for the speed control of the BPMSM, u 1 can be controlled to realize the coarse control of n first, then i Md (> 0) can be controlled to realize the fine control of n. With the cooperation between two kinds of control methods, the speed stability and control accuracy of the BPMSM can be further improved.
C. EFFECT OF FLUX STRENGTHENING ON THE SUSPENSION PERFORMANCE
Flux strengthening control method can not only realize the fine control of speed, but also improve the suspension performance of the BPMSM under the sudden suspension force load. Formula (5) can be rewritten as
where θ is the deviation angle of suspension force caused by torque windings current. When the BPMSM runs with no load, ψ Mq is equal to zero, and θ is equal to zero as well. Hence the suspension forces with no load can be expressed as
where F * x and F * y are x, y components of suspension forces with no load, respectively, i * Bd and i * Bq are d, q components of suspension force winding currents with no load, respectively. It can be seen from (9) that if the BPMSM runs with no load, the directions of suspension forces can follow the reference accurately. (9) can be rewritten as
It is assumed that suspension force winding currents are controlled using a force/current transformation controller according to (10) . Thus considering i Bd = i * Bd , i Bq = i * Bq and substituting (10) into (8), the relationships between actual suspension forces and the references can be expressed as
Assuming that F * x = 0 and F * y = F, (11) is rewritten as
From (12), it is observed that the direction of suspension force is related to torque winding current. When a sudden suspension force load is added on the motor, θ is increased due to the increasement of ψ Mq , which causes the deviation of suspension force direction. If i Md is less than zero, ψ Md will be less than zero and θ will be further increased; that is to say, the direction of suspension force will be further deviated. When flux strengthening control method is used, ψ Md is increased so that θ is decreased, which reduces the change of suspension force direction and makes rotor more stably suspended under the sudden suspension force load.
IV. DESIGN OF CONTROL SYSTEM FOR THE BPMSM
Compared to SPWM, the DC utilization of SVPWM is higher, and the harmonic of the output waveform is less [26] . Thus, SVPWM is adopted in the control system of the BPMSM in this paper. When the BPMSM operates without load or with light load, i Mq is very low. Meanwhile, due to the current fluctuation, the effect of current tracking is so poor that the feedback current is difficult to keep up with the variation of the reference current. For the purpose of improving the stability of speed, it is essential to increase the fundamental component of torque winding current. Consequently, on the basis of implementing the online automatic regulation of the inverter DC bus voltage U DC , let Fig. 3 shows the flux strengthening and voltage regulation control diagram of the BPMSM. The control system of the BPMSM is constructed, which comprised of torque and suspension force subsystems. The field orientation control method based on the flux strengthening and voltage regulation is adopted in the torque subsystem. The errors between the reference speed n * and feedback speed n detected by a photoelectric encoder are transformed into the reference current component i * Md by a PI controller to realize the flux strengthening control. Meanwhile, the errors are also transformed into the voltage ratio k by another PI controller to realize voltage regulation control. Thereinto, the judgement module is used to detect whether i * Md is saturated, thereby determining whether to carry out the voltage regulation control, the flow chart of which is shown in Fig. 4 . The feedback current components i Md and i Mq are compared with the reference current components i * Md and i * Mq respectively, then the difference is converted into the command vectors V * Mα and V * Mβ as the inputs of SVPWM module in the torque subsystem. The closed loop control of the rotor displacement and current are both adopted in the suspension force subsystem. The displacements x and y measured by eddy current sensors are compared with the command radial displacements x * and y * . The errors between them are converted into reference suspension forces F * x and F * y by PID controllers. According to the reference suspension forces, the reference current components i * Bd and i * Bq are produced by force/current transformation module. Comparing the feedback current with the reference current, the differences are converted into the command vectors V * Bα and V * Bβ as the inputs of SVPWM module in the suspension force subsystem.
V. SIMULATION AND EXPERIMENTAL VERIFICATION A. RESULTS AND ANALYSIS OF SIMULATION
In order to verify the validity of the proposed control method, the simulation models of BPMSM control system is constructed by Matlab/Simulink. Fig. 5 shows the simulation results of the speed response in the cases of start-up and sudden load. As shown in Fig. 5(a) , the speed of the system starts to the reference speed 3000 r/min within about 0.06 s. From Fig. 5(b) , comparing the i d = 0 control method and the proposed control method, the speed fluctuation under the proposed control method is smaller than that under the i d = 0 control method with the sudden load of 1.5 N·m. The radial displacements in the x-and y-direction under the i d = 0 control method and the proposed control method caused by the suspension force load of 10 N·m are shown as Fig. 6 . The displacements in the x-and y-direction under the proposed control method are both smaller than those under the i d = 0 control method, and the recovery time is shorter as well. Based on the analysis and comparison of the two control methods, it has been verified that the proposed control method is of rapid response, anti-interference and precision, and can improve the speed and suspension performance simultaneously.
B. EXPERIMENT SYSTEM CONFIGURATION
In order to validate the proposed speed control strategy, the BPMSM prototype is designed, and relevant experiments are conducted. The experiment platform of the BPMSM on the basis of flux strengthening and voltage regulation control method is depicted as Fig. 7 and the main parameters of the BPMSM prototype are listed in Table 1 . A TMS320F2812 DSP is used to implement the proposed control method. Fig. 8 shows the schematic drawing of the BPMSM prototype. As is known to all, one shaft possesses 5 degrees of freedom (DOFs), but only 2 DOFs of the shaft need to be controlled in this prototype. As shown in Fig. 8 , a self-aligning bearing is installed on the end of the shaft, which fixs 3 DOFs of the shaft. The gap between the auxiliary bearing and shaft is 300 µm. Since the effect of load on the suspension force needs to be tested in the experiment, an additional bearing with a hook used to hang the weight is installed on the other end of the shaft. When the prototype runs, a weight hangs on the additional bearing as a sudden suspension force load.
C. ANALYSIS OF SPEED PERFORMANCE
The research comparing speed stability of the prototype between the proposed control strategy and i d = 0 control method are conducted with no load. From Fig. 9 , the speed of the BPMSM prototype reaches to the reference speed 3000 r/min within about 0.27 s. Fig. 10 shows the waveform of the motor speed at 3000 r/min, of which the first half is under the i d = 0 control method and the second half is under the proposed control method. As shown in Fig. 10 with the i d = 0 control method. Meanwhile, from Fig. 11(a) and (b), it can be obviously observed that the fundamental component of the torque winding current is increased under the proposed control strategy and the current waveform fits sinusoidal better, which improves the speed stability of the prototype. Fig. 12 shows the experimental results with the sudden load of 1.4 N·m added by an electrical dynamometer under the i d = 0 control method and the proposed control method respectively, on the condition of the BPMSM running at 3000 r/min steadily. As shown in Fig. 12(a) , the lessened speed returns to the steady state within 0.08 s under the i d = 0 control method and the peak-to-peak value of vibration speed is about 200 r/min. However, the lessened speed under the proposed control method returns to the steady state within 0.04 s and the peak-to-peak value of vibration speed is about 110 r/min. Compared with the i d = 0 control method, the recovery time and the peak-to-peak value of vibration speed under the proposed control method are decreased by 50% and 45%, respectively. Fig. 12(b) and (c) show the phase current i a waveforms of torque windings and torque with the sudden load of 1.4 N·m under the i d = 0 control method and the proposed control method, respectively. Fig. 13 shows the experimental results with sudden load of 2.8 N·m under the i d = 0 control method and the proposed control method, respectively. As shown in Fig. 13(a) , the lessened speed returns to the steady state within 0.073 s under the proposed control method and within 0.11 s under the i d = 0 control method. The peak-to-peak values of vibration speed under the proposed control method and the i d = 0 control method are 220 r/min and 280 r/min, respectively. Fig. 13(b) and (c) show the phase current i a waveforms of torque windings and torque with the sudden load of 2.8 N·m under the i d = 0 control method and the proposed control method, respectively. It can be found that although the recovery time and the peak-to-peak value of vibration speed with the sudden load of 2.8 N·m under the proposed control method are decreased by 33.6% and 21.4% respectively compared with the i d = 0 control method, the difference of speed performance between the proposed control method and the i d = 0 control method is reduced compared with the sudden load of 1.4 N·m. As the load increases, the difference of speed performance between them becomes smaller and smaller. When the load increases, i Mq is increased to produce the greater electromagnetic torque, so i Md is decreased leading to the decline in ability of flux strengthening which makes the effect of the proposed control method on the speed performance reduce.
Consequently, it is demonstrated that the proposed control strategy can decrease the speed fluctuation in stable state and transient state, and realize the fast response as well as high precision of the BPMSM speed control. And the proposed control method is more suitable for the case of no load or light load. 
D. ANALYSIS OF SUSPENSION PERFORMANCE
In the second experiment, the suspension performance of the BPMSM under the sudden suspension force load is tested by comparing the rotor radial displacement fluctuation between the proposed control method and the i d = 0 control method. The motor runs at 3000 r/min steadily and the sudden suspension force load of 10 N·m is created by the weight added to the shaft. As shown in Fig. 14(a) , under the i d = 0 control method, the maximum of rotor displacement fluctuation in the x-and y-direction are 39 µm and 154 µm, respectively. Meanwhile, as shown in Fig. 14(b) , under the proposed control method, the maximum of that are 23 µm and 98 µm, respectively. Due to the suspension force load in the y-direction, the displacement fluctuation in the y-direction is larger than in the x-direction. However, after the proposed control method is applied, the rotor displacement fluctuation decreases by approximately 36% in comparison to under i d = 0 control method, which confirmed that the proposed control strategy can effectively reduce the effect of suspension force load on the suspension performance.
VI. CONCLUSION
A novel speed control method on the foundation of flux strengthening and voltage regulation is proposed in this paper to suppress the speed fluctuation of the BPMSM. The cooperation strategy of the flux strengthening and voltage regulation control is designed to improve the stability and precision of speed control. Subsequently, the effect of suspension force load on the rotor radial displacement is weakened, improving the suspension performance of the BPMSM. Finally, the control system on the basis of the proposed control strategy is constructed and the theoretical studies are experimentally validated using the BPMSM prototype by comparison with the i d = 0 control method. The proposed strategy offers a simple and effective method to improve the speed and suspension performance of the BPMSM simultaneously. In the future, we will try to combine the proposed control method with intelligent control to further improve the control capability of the BPMSM in full load range, and increase efficiency of the flux strengthening control.
